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Short-circuiton Gillespie algorithm is particularly well adapted to describe the time course of
the redox reactions that occur inside the respiratory chain complexes because they involve the motion of
single electrons between individual unique redox centres of a given complex and not populations of electrons
and redox centres as usually considered in ordinary differential equations. In this way we approach the
molecular functioning of the bc1 complex based on its known crystallographic structure and the rate
constants of electron tunnelling derived from the Moser and Dutton phenomenological equation. The main
features of our simulations are the dominant and robust emergence of a Q-cycle mechanism and the near
absence of short-circuits in the normal functioning of the bc1 complex. Thus, in our paper, the Mitchell
Q-cycle no longer appears as an a priori hypothesis but arises out of the bc1 complex structure and of the
kinetic laws of redox reactions.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The bc1 complex is a central complex in the mitochondrial respi-
ratory chain and links the transfer of electrons from ubiquinol (QH2)
to cytochrome c and proton translocation across the inner mito-
chondrial membrane (reviewed in [1–5]). It is widely agreed that the
Q-cycle mechanism proposed by Mitchell [6–7] correctly describes
the bc1 complex functioning. It is based on an immediate unexpected
separation of the two electrons coming from the QH2 molecule
bound at the Q0 site of the bc1 complex. One electron is transferred
to the iron sulfur protein (ISP) and the second to the lower potential
heme bL. The electron on heme bL moves within the cytochrome b to
reduce the higher potential heme bH, which in turn reduces ubi-
quinone (Q) at a second ubiquinone binding site Qi (see Fig. 1). As
emphasized in [8], “despite the wealth of structural, thermodynamic
and kinetic information, some key details of the basic electron-
transfer mechanism have remained unclear” and “ad-hoc” mechan-
isms have been hypothesized in order to explain the salient features
of the Q-cycle.
The characteristics of the Q-cycle mechanism are (i) the bifurcation
of the electron at the Q0 site, (ii) the apparent absence of possible
short-circuits, and (iii) a possible electron transfer between the close
hemes bL of the dimer of bc1 complex.de Bordeaux 2, 146 rue Léo-
571 506.
l rights reserved.Severalmodelling attempts [9–11] aimed at simulating these speciﬁc
behaviours in terms of the kinetic and thermodynamic properties of the
reactions in the bc1 complex. However, because they use ordinary
differential equations (ODE) they deal with populations of molecules,
including redox centres. In the ODE approach this necessitates explicit
representation of thedifferent states of the bc1 complex redox and of the
binding sites which greatly ampliﬁes the number of differential equa-
tions (see [9] for instance). A stochastic approach based on Gillespie's
algorithmappears simpler in this respect, even if it is formallyequivalent
to the ODE treatment.
Using such a stochastic approach based on the known spatial
structure of bc1 complexes and the kinetic parameters described by
Moser et al. [10–12] we will demonstrate in this paper the natural
emergence of the Q-cycle mechanism and the quasi absence of short-
circuits and of electron transfer between the two monomers of the
functional dimer of bc1 complex without the necessity to invoke any
additional mechanism.
2. Methods/model
A critical step in our model is the calculation of the rate constants of electron
transfers between the redox centres. To this end, we used the equation formulated by
Moser et al. [12]:
log kexeret ¼ 15−0:6D−3:1
ΔG þ λ 2
λ
: ð1Þ
For exergonic reactions (ΔG°b0), ketexer is a function of the distance D between the
redoxcentres (edge to edge inÅ) andof thedriving forceΔG° (in eV). Theparameterλ is the
reorganization energy. Unfortunately, this last parameter is not known and we used the
value of λ=0.7 proposed by Moser et al. [10–12] on empirical basis.
Since potentially the reverse reaction is possible, we also had to estimate the
endergonic reaction which is calculated according to Moser et al. [10] as shown in
Fig. 1. Three 3D-structures of cytochrome bc1 from the PDB database have been superimposed to get complete 3D positions of redox centres: 1kyo, which contains cytochrome c;
1ntz, which contains substrate molecules at Qo and Qi and 1be3 for which FeS is in distal position. 1ntz and 1be3 have been dimerized using crystallographic symmetry. However,
distances are average values and have been measured using superimposition of 26 PDB structures of cytochrome bc1. Because 1kyo is a dimer containing only one cytochrome c, this
ﬁgure reproduces this characteristic. However for our simulations a complete dimerization has been used.
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transfer, as demonstrated in Eq. (3) done at a temperature of 30 °C.
log kenderet ¼ 15−0:6D−3:1
ΔG þ λ 2
λ
−
ΔG
0:06
: ð2Þ
K ¼ k
ender
et
kexeret
¼ e−ΔGRT Z log kenderet ¼ log kexeret −
ΔG
0:06
: ð3Þ
To calculate electron tunnelling rates, we thus need to know ΔG° and the distance
between redox centres. The ΔG°, shown in Table 2, are calculated from the midpoint
redox potentials listed in Table 1 from [11] (see also (Fig. 2). In order to evaluate the
distancesDwe examined several 3D-structures of bc1 complexes fromdifferent sources.
It clearly emerges that the positions of the redox centres are very well conserved. We
have thus measured the distances, edge to edge, between redox centres of 26 3D-
structures and used the mean values to calculate the electron tunnelling rate constants
(Table 2). Fig. 1 shows the redox centres of complex III with cytochrome c and distances
(mean values) used for our simulation. Because according to Eqs. (1) and (2), the rate
constant decreases rapidly with the distanceD, only transfer reactions having a distance
between redox centres smaller than 19 Å are considered in our model, i.e. 21 electron
(reversible) transfer reactions. In addition, we have to consider the non-redox reactions:
Iron Sulfur Protein (ISP) proteins movements and the binding reactions. The pivoting of
the head of ISP is taken into account by introducing a reversible transition between two
positions referred to as proximal and distal relative to Qo [13–15]. In this movement, the
transition rates of ISP proximal to ISP distal are in favour of a preferred occupancy of the
proximal position (closer to the Qo site) when the ISP FeS is oxidized and in favour of a
preferred occupancy of the distal position (closer to cytochrome c1) when the FeS centre
is reduced (see the k values in Table 2). Furthermore the transition rates have been
chosen such that they avoid too much back-and-forth oscillations between the two
positions (see below).Table 1
Estimates of single-electron redox centre midpoint potentials in complex bc1
Redox couple E0 (in eV)
QH2/SQ at Qo 0.57
SQ/Q at Qo −0.39
QH2/SQ at Qi 0.28
SQ/Q at Qi 0.05
Reduced FeS/oxidized FeS 0.28
Reduced bL/oxidized bL −0.05
Reduced bH/oxidized bH 0.08
Reduced c1/oxidized c1 0.242
Reduced c/oxidized c 0.25 (estimated)
All values are taken from Moser et al. [11] except that for cytochrome c assumed to be
close to the midpoint potential of cytochrome c1.In the absence of experimental binding constants of quinones (in their various
redox status) at the Qo and Qi sites, we have chosen binding constants (Table 2) such
that we have a binding preference for QH2 at Qo site and for Q at Qi sites and that
binding and release at Qo and Qi site are not limiting for the whole process. We have
introduced into the model a regeneration of QH2, simulating the role of complex I, and
reoxidation of cytochrome c, mimicking the presence of cytochrome c oxidase. In
the model, the rate of electron transfer through each redox reaction can be followed.
It leads to a kind of steady-state behaviour characterized by a constant rate of cyto-
chrome c reduction (see Fig. 3A). For the simulation we have considered only one
dimer of complex III, because, from the point of view of the reactions that occur inside
the bc1 complex, it is equivalent, in a stochastic process, to consider, on average, the
reactions of n independent dimers during a time Δt or the functioning of a single
dimer during the time n ·Δt, provided that the ratio of quinones to bc1 complexes
remains the same.
The Gillespie algorithm [16] deﬁnes two random processes: the random choice
of a reaction from amongst several possible reactions at a given time and, once a
reaction is chosen, the random time at which this reaction occurs. The calculation
of the corresponding probabilities is based on the evaluation of the following
parameters. For each reaction Rµ (µ=1 to 78), we calculate hµ, the number of distinct
possible molecular reactant combinations. hµ are calculated from the quantity (most
of the time 0 or 1 except for the free quinones) of each redox centre or molecule
present at each stochastic step. According to the Gillespie model we can equate the
stochastic reaction constant cµ to the electron tunnelling rate constant cµ=kµ. This
also holds in the case of the FeS motion, since only one redox centre is concerned.
However, for the binding reaction, since two molecules have to interact, the stochastic
reaction constant is equal to the binding constant divided by the volume (for the sake
of simplicity we take a volume of unity, v=1). Using these stochastic reaction con-
stants cµ and the number of distinct molecular reactant combinations hµ, we calculate
aµ=hµ · cµ which gives the probability aµ /a0 (a0=Σaµ) that a Rµ reaction occurs at a
given step. All these parameters are recalculated after each stochastic reaction taking
into account the change in redox status or of bound species. The reaction Rµ is chosen
using a random number in the unit interval multiplied by a0 as explained by Gillespie
[16]. The reaction time interval between two reactions is given by Δt=1/ (a0) · ln(1 / r)
where r is a random number between 0 and 1 [16]. The whole process can be sum-
marized in the short algorithms:
. Initialisation of the number of the species (Number of free initial QH2 and Q; all
site oxidized)/. Computation of hµ and then of aµ values /. First random number ➜
Choice of the reaction /. Second random number ➜Computation of the Δt of the
chosen reaction /. tn+1= tn+Δt /. Calculation of the new species number / If n+1=
N=10,000; End; if not the process is repeated /. End.
10,000 reaction steps were performed in each simulation. In our ﬁrst simulations it
appeared that nearly all reaction steps were used by a rapid exchange of electrons
between reduced cytochrome bH and the Q bound to Qi site. This exchange is very fast,
due to the proximity of these two sites. The average length of an exchange measured in
our simulations is 5.8 10−9 s. This explains why the 10,000 reaction steps are dissipated
Fig. 2. The energetics of the electron-transfer steps in the model. The electron donor in Qo is indicated while in Qi it is the electron acceptor. The values in brackets above the site are
the midpoint potential of the redox couples. The values in red and in brackets along the arrows are the distances between the redox centres. FeS-PX and FeS-DS means FeS in proximal
and distal position respectively.
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To avoid this waste of stochastic steps we have considered this reaction at equilibrium
and calculated the probability of the reduced bH species as equal to (1−√K)/(1−K) where
K is the equilibrium constant for the reaction. We have checked that introducing such a
rapid equilibrium does not change the global results which can be obtained with the
initial model for a much greater number of stochastic steps. Another reaction with the
high rate constants also appeared, for similar reason, in the electron transfer from
reduced bH to the semiquinone (SQ) bound toQi. However, becausewe take a rather high
koff for the QH2 dissociation from Qi, an electron return from QH2 to bH is less frequent
than the corresponding return from the semiquinone, tightly bound to the Qi site so that
this reaction is not forced at equilibrium in the model.
3. Results
A typical result of 10,000 stochastic steps is shown in Table 3 which
lists the number of times each reaction in each direction occursTable 2
Parameters and rate constants used for the stochatic simulations
Reactions Distance (in Å) ΔG° (in eV)
QH2 binding at Qo
SQ binding at Qo
Q release at Qo
QH2 release at Qi
SQ binding at Qi
Q binding at Qi
e− transfer from QoH2 to FeS 8.9 0.29
e− transfer from QoH2 to bL 11.2 0.62
e− transfer from SQo to FeS 8.9 −0.67
e− transfer from SQo to bL 11.2 −0.34
Oxidized FeS from distal to proximal 20.1
Reduced FeS from proximal to distal 20.1
e− transfer from FeS to cytochrome c1 11.1 0.038
e− transfer from cyt. c1 to cyt. c 9.3 −0.008 (estimat
e− transfer from cyt. c to complex IV 10 (estimated) −0.03 (estimate
e− transfer from bL to bH 12.2 −0.13
e− transfer from bLmonomer1 to bLmonomer2 13.9 0.00
e− transfer from bH to Qi 5.7 0.03
e− transfer from bH to SQi 5.7 −0.20
Q to QH2 using complex I
Reoxidation of cytochrome c by complex IV
The distance between redox centres are an average measured on 26 3D structures. ΔG° are
reaction) are calculated as explained in the Methods/model section. Rate constants in it
cytochrome; QoH2, SQo and Qo for QH2, SQ and Q bound to the Qo site respectively; similaron a single dimeric bc1 molecule. The 10,000 steps take 3.2 10−2 s. The
last column gives the net numbers (difference between “forward” and
“backward” reactions) so that a positive number indicates a net produc-
tion in thedirectionof the (physiological) reaction. In this simulation618
QH2 molecules bind to the Q0 site while only 616 Q molecules are
released at the same site, 2 QH2 (or SQ or Q)molecules remaining bound
to the 2 Q0 sites. In the same period, 308 Qmolecules bind to the Qi site
while 306 QH2 molecules are released from the same site, 2 remaining
bound to these 2 sites. Binding and release constants were chosen such
that SQ release at Qo or Qi sites are very low (not observed in our
simulations).
In this simulation, akcat=9.7103 s−1 canbe calculated as thenumberof
reduced cytochrome c (621) divided by the total time (3.2 10−2) and by 2
(permonomer). Fig. 3A shows theproductionof reduced cytochrome c forkf (in s−1) kb (in s−1) Number of occurrences per dimer
108 (M−1 s−1) 100 2
106 (M−1 s−1) 1 2
105 106 (M−1 s−1) 2
108 106 (M−1 s−1) 2
106 (M−1 s−1) 1 2
108 (M−1 s−1) 100 2
12 416 823 106 2
0.008 8 178 106 2
4.53 109 0.033 2
50.8 106 113 2
107 100 2
1010 104 2
585,344 2.51 106 2
ed) 20.0 106 14.7 106 2
d) 10.3 106 3.26 106 2
1.74 106 12,016 2
30,903 30,903 1
1.24 109 3.90 109 2
29.7 109 14.0 106 2
103 10 1
108 100 1
calculated from the values of E0 in Table 1. kf (for forward reaction) and kb (for backward
alics are arbitrarily chosen values as indicated in the Methods/model section. Cyt. for
notations for these species bound to the Qi site.
Table 3
Results of 10,000 stochastic steps of simulation for the reactions taking place within a
bc1 complex molecule
Reactions Number of
forward
reactions
Number of
backward
reactions
Net number
of transfers
QH2 binding at Qo 619 1 618
SQ binding at Qo 0 0 0
Q release at Qo 621 5 616
QH2 release at Qi 310 4 306
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value of kcat=10,168±382 s−1.
It is observed in Table 3 that 3 electrons take the physiologically
reverse but thermodynamically favoured pathway from bL to SQ at the
Qo site to regenerate QH2. In these conditions, these electrons, coming
from bL, are then transferred on the FeS centre. It is the reason why
we observe a slightly greater electron transfer through FeS than
through bL (see also Fig. 3B). This is one of the short-circuits
hypothesized by Kramer et al. (bypass Reaction 2, Fig. 1C in [17]; seeFig. 3. A: Superimposition of production of cytochrome c for 30 stochastic simulations.
The black straight line corresponds to the steady-state solution of a simple model based
on ordinary differential equations (ODE) with gating (see text). B: Example of
production of reduced cytochrome c and reduced cytochrome bH for one stochastic
simulation of 10,000 steps. Disruption of the Q-cycle is visible in few cases and this is
the reason for the slight divergence of these two variables; the net difference at the end
of the simulation is of 7 electrons.
SQ binding at Qi 0 0 0
Q binding at Qi 314 6 308
e− transfer from QoH2 to FeS 666 46 620
e− transfer from QoH2 to bL 0 3 −3
e− transfer from SQo to FeS 1 0 1
e− transfer from SQo to bL 616 0 616
Oxidized FeS from distal to proximal 628 8 620
Reduced FeS from proximal to distal 629 8 621
e− transfer from FeS to c1 688 67 621
e− transfer from c1 to c 1 108 487 621
e− transfer from c to complex IV 655 35 620
e− transfer from bL to bH 860 248 612
e− transfer from bLmonomer1 to bLmonomer2 18 8 10
e− transfer from bH to Qi Equilibrium Equilibrium Equilibrium
e− transfer from bH to SQi 350 44 306
Q to QH2 using complex I 312 1 311
Reoxidation of complex IV 627 7 620
Number of reaction steps: 10,000 Total time: 3.20 10−2 s
Number of effective reactions: 8050 kcat: 9.69 103 s−1
Reoxidation of cytochrome c (equivalent to the presence of complex IV) and
reduction of Q in QH2 (equivalent to the presence of complex I) are added to insure
a steady-state ﬂux in the complex. The net number of reactions is the difference
between the forward and the backward reactions. A negative value in this column
indicates a net balance in favour of the reverse reaction. The kcat is calculated as the
number of reduced cytochrome c produced per monomer during the total time of the
simulation. The number of effective reactions is the sum of the net number of
transfers. Its difference with the total number of stochastic step (10,000) gives an idea
of the non productive reactions, e.g. electron oscillation between 2 adjacent redox
centres.also [18] and [19]). Another short-circuit is observed once (Fig. 1B in
[17]; see also [18] and [19]) which corresponds to the transfer of the
second electron (from SQ) to FeS instead of bL in the rare cases where
the ISP head comes back to its proximal position after the ﬁrst electron
has been transferred to c1 and before the second electron has been
transferred to bL. These two short-circuits explain why 621 electrons
pass through FeS while 618 QH2 have been bound to Q0. 308 QH2
molecules are released at the Qi site which is about half the number of
QH2 bound at Q0 site (the difference is due to the short-circuits and the
changed redox status of the different centres when the 10,000 steps
are reached).
Electron transfers between the two monomers are sometimes
observed via the two close bL: 18 times in one direction and 8 times in
the reverse direction in the simulation shown in Table 3.
All these observations give a good indication of the preponderant
electron bifurcation at the Q0 site and thus of the realization of a
Q-cycle most of the time.
In order to go deeply into the mechanism, we plotted an example
of the electron transfer between the redox centres for the ﬁrst four
QH2 molecules bound at Q0 (Fig. 4). This ﬁgure clearly shows the two
successive sets of reactions constituting the Q-cycle. As expected from
the values of the rate constants, the uphill transfer of the ﬁrst electron
on the FeS is a limiting step. Once it occurs, the other electron transfer
follows rapidly giving the impression of a concerted bifurcation
mechanism (see the discussions in [2] and [8]). The ﬁrst QH2 bound at
Q0 gives its ﬁrst electron to FeS, which then follows the path to
cytochrome c. The second electron stops on SQ at Qi. The ﬁrst electron
of the second QH2 follows the same path as the ﬁrst one to cytochrome
c while the second one ends up reducing SQ in QH2 at the Qi site,
Fig. 4. Example of some reactions occurring as function of time on a monomer of bc1 complex observed at the beginning of a simulation. Each square represents a reaction. Only the
main reactions for the Q-cycle are shown as a function of time. Red squares are reactions coming from the ﬁrst bound QH2. Blue squares are reactions coming from the second bound
QH2. These two cycles of reactions form a Q-cycle. A second Q-cycle is represented as yellow squares for the ﬁrst bound QH2 and green for the second bound QH2. The beginning of a
third cycle is visible in purple. Pathways of electron are schematized by full lines for the ﬁrst QH2 of the Q-cycle and by dashed lines for the second QH2 of the Q-cycle. Since ourmodel
takes into account the reverse reactions, they sometimes occurred leading to a back-and-forth movement. Such a back-and-forth movement is visible (dark red square) indicated by
an arrow. This electron has been transferred back from bH to bL (not visible here since this reaction is not represented in the ﬁgure) and again from bL to bHwhich is visible as an extra
reaction.
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is reproduced once more in Fig. 4 with the binding of the third and
fourth QH2 etc. It should be however noticed that back-and-forth
reactions can occur during the cycle (see the arrow in Fig. 4).
4. Discussion
The use of a stochastic approach to model the reactions taking
place in the bc1 complex appears easier than the ODE approach [9–11]
even if both treatments are in principle equivalent (it has to be
emphasized that the probabilities of the reactions are calculated from
the rate constants which are parameters involved in a differential
equation expression of the reactions).
There is two ways to conduct a deterministic simulation in this
case. One simple way is to follow the fate of the different oxidized/
reduced species (bL, bH, etc.) and of the different state of the Qo and Qi
sites (free Qo andQi, QoH2 etc.) considered as independent populations
of molecule without taking into account the fact that, once a QH2
molecule is bound to a given bc1 complex, its two electrons will
remain on the same bc1 complex. In such a simple modelling both
electrons are allowed to jump to different FeS centres belonging to
different bc1 complex. To overcome this problem, we have to suppose
a gating process imposing a splitting of the electrons delivered by the
QH2 molecule in Qo. As shown on Fig. 3A this approach (with the
gating hypothesis) gives a similar result. The other way which follows
exactly the stochastic process will give exactly the same results but
necessitates consideration of all the combinations of redox states for
each site and each state of binding site: oxidized and reduced FeS in
proximal and distal position, oxidized and reduced c1, oxidized and
reduced bL, oxidized and reduced bH, and Qo and Qi with QH2, SQ, Q
and free. It forces to consider 25×42 = 512 different species of one
monomer thus in principle, 512×512 = 262,144 species for the dimer,
and thus the same amount of differential equations. Of course some
reasonable hypothesis can be made, which considerably decrease this
number; it is the approach adopted by Demin et al. [9]. The advantage
of the stochastic approach is that no simpliﬁcation hypothesis has to
be made; the generation of the great number of different states of the
bc1 complex and the rules of their interconversion are simply the
result of probabilities laws and they do not have to be considered a
priori (see the discussion in [9]). In the stochastic approach, the factthat an electron in a redox centre or in a quinol or semiquinone bound
to the Q0 site of a given bc1 complex will not interact with the redox
centres or the quinone sites of another distinct bc1 complex restricts
severely and naturally the possibilities of reactions: electron and redox
centres are alone within each bc1 complex, which behave indepen-
dently of the each other.
Themain result of these stochastic simulations is the observation of
the natural emergence of the Q-cycle mechanism by just considering
the structure of the bc1 complex and the mechanistically predicted
values of the rate constants. Furthermore the number of short-circuits
and of electrons transitions between the two bL of a dimer is very
low. No extra “ad-hoc” hypothesis, such as a gating mechanism, is
necessary.
An important characteristic of the Q-cycle is the bifurcation of the
two electrons of the QH2 at the Qo site. In our simulations, it appears
naturally in almost all cases. As stressed above, the unique FeS centre
that the second electron could reduce is the FeS centre already
reduced by the ﬁrst electron of the same QH2 molecule. Furthermore,
the FeS reoxidation by cytochrome c1 is slower than the transfer of
the second electron to bL by two orders of magnitude, (see Table 2).
With these rate constants, the transfer of the second electron to bL
follows immediately the transfer of the ﬁrst one to the FeS centre
giving rise to the impression of a concerted mechanism. It also
explains why the short-circuit corresponding to the transfer of the
second electron to FeS is rare and why the residence time of SQ in Qo
is very short which is in line with the fact that this species is hardly
observed. However, in our simulation the electron bifurcation in Qo
rests on two main assumptions: the transition rates in both
directions between the proximal and distal positions of the FeS
centre and the partition of the redox potentials E′o of SQ/QH2 and Q/
SQ at the Qo site. Concerning the ﬁrst assumption, one could imagine
that a rapidmovement of the head of the Rieske proteinwould favour
its capturing the second electron. This does not appear to be the case
because to do so, the FeS centre would ﬁrst have to release the ﬁrst
electron to c1, which is a rather slow mechanism. Thus accelerating
the proximal to distal transitions in both directions does not prevent
the emergence of a Q-cycle but dramatically decreases the kcat as a
consequence of the thermodynamically favoured electron return
from FeS to SQ still bound to Qo, thus regenerating QH2. In other
words, it is important to avoid the reduced FeS remaining close to the
Fig. 5. Inﬂuence of the midpoint potentials of SQ/QH2 and Q/SQ bound at Qo site on kcat and on the number of short-circuits. The short-circuit counted in these simulations is the
transfer of the second electron directly to FeS and not to cytochrome bL. The % of SQ residence time in Qo is also represented. Variations in themidpoint potentials are considered such
that the half-sum of the midpoint potentials of these two couples is constant and equal to 0.09 eV, the midpoint potential of the Q/QH2 couple. Squares kcat; diamonds proportion of
the short-circuits; triangles % of SQ residence time in Qo. Open marks show the conditions used for the simulations in this article.
1058 S. Ransac et al. / Biochimica et Biophysica Acta 1777 (2008) 1053–1059proximal position (see discussions of this point in [13,14]). The
second assumption concerns the values of the E′o for the two separate
redox couples SQ/QH2 and Q/SQ. In our simulations, the electron
bifurcation is highly favoured by a large separation of these two
midpoint potentials. We have reduced this separation, while keeping
their sum constant [19]. The main consequence of these changes
(Fig. 5) is a decrease in the probability of the second electron's
transfer to bL so that it is transferred more frequently to FeS,
increasing the proportion of short-circuits (right ordinate). On the
other hand, increasing the separation between the two midpoint
potentials lowers the short-circuit but also reduces the kcat (left
ordinate on Fig. 5). However it is possible to observe a low proportion
of short-circuits with a preponderance of electron bifurcation over a
large range of midpoint potentials of SQ/Q (between −0.35 and
−0.2 eV) giving rise to the supremacy of Q-cycle in this region. As also
shown in Fig. 5, it is linked to a very short resident-time of SQ in Qo
(0.02%) because the second electron escapes very rapidly after the
ﬁrst one. For this reasonwe do not considered a possible instability of
semiquinone at Qo site, as discussed in [20] and [21]. In other words,
the rate of semiquinone release has to be very high in order that the
semiquinone leaves the Qo site before giving its electron to the heme
bL: SQ reacts before leaving Qo. It also means that instability of SQ in
Qo (large koff for SQ release from Qo) could be considered without
affecting the results we obtain. With a koff =106 s−1 only few SQ
molecules are released (typically 11 SQ released on 574 QH2 bound).
The rate of SQ release from Qo could however become a critical step if
the Q/SQ midpoint potential is decreased (in absolute value) as
shown in Fig. 5. In conditions of low midpoint potential (between
−0.2 and +0.05 eV) when the transfer of the second electron to bL is
slow, SQ could escape from the Qo site, preventing a short-circuits
but favouring superoxide production. The rate constant of SQ release
from Qo will also become a critical parameter in conditions of
blocking or of decreasing the transfer of the second electron to bL
(inhibition or mutation). Studying conditions of superoxide produc-
tion could be a way, with the help of our model, to gain some idea of
the rate constant of SQ release from Qo.
There is another short-circuit which occurs infrequently: the
transfer of an electron from reduced bL to SQ bound at the Qo site to
give a QH2 molecule. This transfer is thermodynamically highly
favoured but can only occur after the release of Q from the Qo site,
binding of a new QH2 at the same site, and the transfer of its ﬁrstelectron to FeS. In most of the cases reduced bL has already transferred
its electron to bH.
In addition, in the dimer molecule the distance between the two bL
centres is small enough to allow electron transfer. We indeed observe
it in few cases, but it is not the preferred pathway because, as dis-
cussed in [22] the rate constant of this transfer is about 50 times
slower than the transfer to the corresponding cytochrome bH
(see Table 2). However this transfer could occur when the bH of the
same monomer is still reduced; in this case it would avoid the short-
circuit discussed above (i.e. the transfer of the electron from reduced
bL on SQ bound to the corresponding Qo site).
As mentioned in the model description, the binding and release
constants of the quinone (and quinol) are such that they are not
limiting in the whole process. In these conditions we observe a
maximum value of kcat =104 s−1, which is slightly higher than the
rate reported in the literature [14,22–24] of around 103 s−1 under
uncoupled conditions when the quinone pool is reduced. This
higher value could be attributed to our choice of the binding
constants for the quinones in different redox state at the Qo or Qi
site.
To sum up, the use of a stochastic approach, allows us to take into
account the crucial fact that a given dimeric bc1 complex cannot
exchange electrons with the other bc1 complexes. In other words,
electrons travel alone inside isolated bc1 complexes. In these
conditions the rarity of short-circuits and the preponderance of an
electron bifurcation in Qo site, which are the basis of the Q-cycle
mechanism, are simply the expression of an appropriate distribution
of the rate constants between the redox centres.
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